Despite differences in the crystal structures of ice and nucleosides, antifreeze polypeptides (AFPs) have been demonstrated to inhibit nucleation of 5-methyluridine, cytidine, and inosine and modify the crystal growth of the nucleosides efficiently. The molecular recognition repertoire of AFPs has been expanded to non-ice-like crystalline solids.
hemolymph of Dendroides canadensis) 14 diminishing the chance of the growth of single ice crystals.
In this study, we for the first time demonstrate that AFPs can efficiently inhibit the nucleation and modify the single crystal growth of 5-methyluridine (m 5 U), cytidine (C), and inosine (I). m 5 U, C, and I are widely used nucleosides in pharmaceutical industry, but little is known about their size and shape control using additives. [15] [16] [17] [18] This study also presents a distinct example of effective control of nucleoside crystal growths by additives.
We obtained the crystals of m 5 U, C, and I, respectively, by evaporation of their aqueous solutions at room temperature (ESI † ). The resulting crystals of the three nucleosides appear as orthorhombic needles (Figs. 1a, S2, and S4 ). 19 The effect of a beetle AFP from D. canadensis (DAFP-1) on m 5 U crystal growth was first investigated. DAFP-1 is a -helical repeat protein with a size of 9 kDa containing 8 disulfide bonds, which are important for its structure and function as antifreeze. 20 DAFP-1 was studied previously in our laboratory for its antifreeze enhancement effect by small molecular enhancers and interactions between DAFP-1 and reduced nicotinamide adenine dinucleotide in solution have been demonstrated recently. 21 To completely inhibit single crystal growth, a reasonable additive/nucleoside molar ratio (the critical ratio) is needed. Different amounts of DAFP-1 were added directly to m 5 U solution to determine the critical ratio of DAFP-1/m 5 U (ESI † ). The direct addition of DAFP-1 at all the tested concentrations delayed the first appearances of m 5 U precipitates in the solutions (Table S1 ), while higher additive/m 5 U molar ratios resulted in more significant delay. The critical ratio of DAFP-1/m 5 U was estimated to be 3.0 × 10 −5 , where the ratio is at 3.0 × 10 −5 or higher, no single m 5 U crystal was detected, but reed-like amorphous m 5 U precipitates ( Fig. 1b ).
Additives usually affect crystal growths through (1) affecting nucleation (i.e., prevent, delay, or promote nucleation); (2) modifying crystal habit (i.e., adsorbing onto specific crystal growing face(s) and changing its growth rate); or (3) both of (1) and (2) . 1, 22 To further investigate how AFPs affect m 5 U crystal growth, DAFP-1 was added to the saturated m 5 U solutions in the presence of m 5 U seed crystals at the additive/m 5 U molar ratio of 1.2 × 10 −5 . The growth of m 5 U crystals was able to continue, but with an apparent change in the crystal habit, from needle-shaped to normal orthorhombic ( Fig. 1c ).
Examining by x-ray crystallography, the crystalline m 5 U samples in figs. 1a and 1c have the same orthorhombic crystal structure, while no samples in fig. 1b are suitable for single crystal x-ray diffraction (ESI † ). In the absence of DAFP-1, the propagation of the needlelike m 5 U crystals is along the a-axis. The crystal habit is determined by the relative growth rates of different crystal faces, suggesting that the altered crystal habit in the presence of DAFP-1 was caused by selective interaction of DAFP-1 with the (100) faces of m 5 U crystals (Fig. 2) . The distance between the repeated oxygen atoms in the ribose moieties on the (100) face of m 5 U crystal, 4.80 Å ( Fig. 2a ), matches well to 4.74 Å, the average distance of the hydroxyl oxygen atoms in conserved repeated threonine residues in adjacent loops of DAFP-1, 20 suggesting hydrogen bonding interactions between the hydroxyl groups of the ribose moieties in m 5 U crystal and conserved threonines of DAFP-1. Due to such interactions, m 5 U crystal growth rate along the a-axis decreased to be less than those along the bor c-axis, resulting in normal orthorhombic m 5 U crystals (Fig. 2b) .
The powder X-ray diffraction (PXRD) patterns ( Fig. 3a and 3c , ESI † ) of the single crystalline m 5 U samples in figs. 1a and 1c show the same characteristic peaks assigned to † Electronic Supplementary Information (ESI) available: CCDC 835399, Figs. S1-S6, Table S1 , and experimental section. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/b000000x/ the same unit cell. In contrast, few peaks of very low intensity were observed in the PXRD pattern ( Fig. 3b ) of the reed-like amorphous m 5 U precipitates in fig. 1b , suggesting that these solids lack well-ordered structures, and the few weak peaks that cannot be assigned to any known crystalline phase of m 5 U might result from a local order in these m 5 U samples. 23 The PXRD results are in good agreement with the single crystal X-ray diffraction data. The finally obtained solids were also analyzed using high performance liquid chromatography (HPLC) to identify whether DAFP-1 presents in the samples (ESI † ). The HPLC analysis (Figs. 4b and 4c ) indicated the presence of both m 5 U and DAFP-1 in the samples in figs. 1b and 1c, suggesting that DAFP-1 is occluded in the reed-like amorphous m 5 U precipitates and the normal orthorhombic m 5 U crystals, which supports interactions between DAFP-1 and m 5 U.
Under the same conditions, m 5 U crystal growth was also investigated in the presence of two controls, bovine serum albumin (BSA) and denatured DAFP-1 with complete reduction of its disulfide bonds, respectively (ESI † ). Neither BSA nor the denatured DAFP-1 inhibited or delayed the appearance of m 5 U precipitates at the control/m 5 U molar ratio of 1.8 × 10 −4 , a much higher ratio than those used for DAFP-1 (Figs. S1a-b, Table S1 ). The crystals were characterized to be m 5 U by X-ray crystallography and the results were confirmed by PXRD (ESI † ). HPLC analysis of these crystals revealed that only pure m 5 U presents, suggesting that the controls are simply excluded from the m 5 U crystals as impurities (ESI † ). These results indicate that the controls have no effect on the crystal growth of m 5 U.
To test the generality of the findings, the effect of DAFP-1 and the controls on the crystal growth of two other nucleosides, C and I, were examined. The space groups of m 5 U, C and I are all orthorhombic and repeated oxygen atoms in the hydroxyl groups in their ribose moieties are identified on their growing crystal faces, but the dimensions of the unit cells of these nucleosides are quite different. [24] [25] [26] The two controls, BSA and the denatured DAFP-1, had no effects on the crystal growth of C and I. Interestingly, the effects of growth inhibition and habit modification were also observed for DAFP-1 on the crystal growth of C and I (Figs. S2-S5, Table S1 ), suggesting that DAFP-1 can also interact with C and I crystals and such recognition can be flexible. The critical ratios of DAFP-1/C and /I were estimated to be 3.0 × 10 −5 and 0.5 × 10 −5 (ESI † ). To determine whether a different type of AFP can have such effects, all the above experiments were carried out with a globular fish AFP, type III AFP. 27 Similarly, direct additions of type III AFPs in the m 5 U, C, and I solutions effectively inhibited the crystal nucleation of m 5 U, C, and I, respectively (Figs. S1c, S2f, S4f, Table S1 ). Additions of type III AFPs in the presence of the seed crystals of m 5 U, C, and I, altered the crystal habits of these nucleosides, respectively, and the resulting habits (Figs. S1d, S2g, S4g) are similar to those caused by DAFP-1. However, we did not observe such inhibitory or crystal habit change effect of the AFPs on the crystal growth of thymine, the component base of m 5 U, under similar conditions (Fig. S6 , ESI † ), suggesting that the hydroxyl containing ribose plays an important role in the recognition of m 5 U by AFPs.
In conclusion, the inhibitory and habit-modifying effects of AFPs on the stable nuclei formations and on the crystals of nucleosides have been first demonstrated. Such effects of AFPs are analogous to their effects on ice 28 despite the large structural differences among ice I h and these nucleoside crystals, 24, 26, 29 suggesting flexibility in AFP molecular recognition. The crystal-recognition repertoire of AFPs has been expanded beyond ice and ice-like crystals. Moreover, the effects of AFPs on the nucleoside crystal growth are highly efficient, comparing with other additives on crystal growth control. 1, 22 The results encourage further studies on the roles of AFPs in controlling the crystal growths of polycrystalline ice and other important hydroxyl compounds (e.g., nucleoside analogues, glycosides, sugars) and the use of AFPs, particularly DAFP-1 (which can withstand a wide range of pHs and temperatures) 30 as scaffolds to design novel, effective crystal growth inhibitors and modifiers in a number of fields including chemistry, materials science, and pharmaceutical industry.
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Refer to Web version on PubMed Central for supplementary material. (a) The structure of the (100) face of m 5 U crystals (carbon, grey; oxygen, red; hydrogen, white; nitrogen, blue). The c-axis points into the plane of the paper. (b) Schematic representation: the growth rate along the a-axis is much faster than that along the bor c-axis in a typical m 5 U crystal habit, while the growth along the a-axis is significantly inhibited in the presence of DAFP-1 becoming less than that along the bor c-axis. Gel filtration HPLC analysis of the crystals of m 5 U monitored at 280 nm. Typical chromatograms of (a) crystalline m 5 U obtained in the presence of denatured DAFP-1, (b) reed-like amorphous m 5 U precipitates obtained in the presence of DAFP-1, (c) normal orthorhombic crystalline m 5 U modified using DAFP-1 in the presence of m 5 U seed crystals. The retention times for m 5 U and DAFP-1 are 13.1 min and 11.5 min, respectively. Insets: enlarged portions (denoted by asterisks).
